Description of gouge holder and calibration tests
Normal load applied to the outer and inner rings is independent of that applied to the gouge layer, and is modulated by five outer springs and one inner spring: normal load is proportional to spring stiffness and the amount they are compressed during each experiment. Given that we used the same layer thickness for each experiment, and total shortening was similar for each experiment, we consider the normal load on the outer and inner rings to be the same for each experiment. 
Calibration tests
To determine the contribution from the gouge holder to the measured torque values during the experiments we performed a series of calibration tests both without gouge and with a small amount of gouge added to the sliding surfaces of the inner and outer metal rings (to mimic minor gouge loss during the experiments). In both cases the sliding metal surfaces were coated with a thin layer of high-temperature grease ( Figure DR4 ). The addition of a small amount of gouge to the sliding metal surfaces did not change the torque values in the calibration tests and therefore we summarize below only the calibration tests carried out without gouge materials.
Six calibration tests were performed at maximum slip velocities between 0.01 m s -1 and 3 m s -1 (Table DR1 , Figure DR5 ). Four tests were performed with 0.18 bars applied to the loading column of SHIVA, corresponding to the minimum load at which the 5 outer springs of the gouge holder appeared fully compressed. This provided a maximum value for the contribution to torque from the gouge holder because during experiments with gouge layers the outer springs were never fully compressed. Two tests were performed with 0.06 bars applied to the loading column of SHIVA, corresponding to the load at which the 5 outer springs of the gouge holder started to be compressed. The torque of the sliding rings did not evolve with displacement, but showed a relatively constant value and no peak torque ( Figure DR6 ). Table DR1 : Calibration tests performed using an empty gouge holder (without gouge materials) Figure 1A in the manuscript). The contribution to torque from the gouge holder in s389 was equivalent to <2.5% during steady-state sliding. In the other experiments reported in Figure 1B in the manuscript the contribution was equal to or less than 2.5%. Because the contribution to torque from the gouge holder was so small we chose to report mechanical data without subtracting the contribution from the gouge holder. 
Summary of experimental conditions

Description of starting material compacted to 15 MPa
To characterize the typical microstructures of calcite gouge layers prior to the rotary-shear experiments we compacted 5 g of room-dry calcite gouge between two cylinders of gabbro with external and internal diameters of 50 mm and 30 mm, respectively. The calcite gouge was from the same batch used in the rotary-shear experiments, and had a starting grain size of <250 µm. Two compaction experiments were performed, one up to 3 MPa normal stress, the other up to 15 MPa normal stress. The gouge layers were confined on the outside by soft copper sheeting held in place by a plastic cable tie and on the inside by a cylinder of Teflon. This methodology was implemented because gouge layers compacted without shear using the purpose-built gouge holder were not recoverable. Instead, following compaction between the two cylinders of gabbro we were able to save the entire sample assembly and immerse both the gouge layers and the gabbro cylinders in resin for thin section preparation. We prepared polished thin sections with the same orientation as those for the deformed gouge layers described in the manuscript (i.e perpendicular to the gouge layers and broadly parallel to the rotary shear direction). Description of CO 2 emissions measured using a vacuum mass spectrometer
To record CO 2 emissions during sliding we used a Pfeiffer Omnistar TM vacuum mass spectrometer with a gas detection threshold of <1 ppm during eleven experiments (Table DR3) .
QuadStar TM analysis software was used to process data. CO 2 gas entered the mass spectrometer through a stainless steel capillary tube placed approximately 1 cm from the top of the gouge holder.
The type, position, and length of the capillary tube was the same for each of the eleven experiments.
Prior to each experiment the level of CO 2 in the laboratory varied between 360-420 ppm, similar to mean modern-day atmospheric levels.
CO 2 was detected in all experiments reported in Table DR3 except s276 and s459, carried out at relatively low slip velocities of 0.01 m s -1 . There was a general tendency for the CO 2 peak to increase with increasing slip velocity and normal stress, although more work will be carried out to quantify CO 2 production at different experimental conditions, including under vacuum. The production of CO 2 , together with the presence of lime (CaO, Data Repository Item 6), indicates that calcite decomposed at slip rates ≥0.1 m s -1 (Han et al., 2007; Sharp et al., 2003) . Table DR3 : Summary of CO 2 emissions measured using a vacuum mass spectrometer during eleven experiments.
Background levels of CO 2 in the laboratory were between 360-420 ppm.
Data Repository Item DR5
Description of Electron Backscatter Diffraction (EBSD) methodology
Experimental samples EBSD analysis (Prior et al., 1999) was performed on a polished thin section from experiment s280 using a Camscan MX2500 SEM equipped with a LaB 6 filament at the University of Padova. Indexing of calcite was carried out manually using channel 5 software by HKL Technology. Indexing was accepted when at least 7 of the detected Kikuchi bands were matched by the computer simulation, and the misfit between the detected and the simulated Kikuchi bands had a mean angular deviation (MAD) of less than 1°.
Within sample s280 we selected three areas for EBSD analysis from inside the dynamically recrystallized layer. The data presented in Figure 3f of the manuscript represent all points from the three separate areas. There was no noticeable difference in the CPO pattern between the three areas, although further detailed EBSD work (including EBSD mapping) will be carried out to constrain the mechanisms of dynamic recrystallization and the transition between predominantly brittle fracturing and dynamic recrystallization.
Each of the three EBSD areas had dimensions of approximately 100 µm (parallel to the PSS) the EBSD pattern was indexed manually to ensure an accurate solution (see Jung et al., 2006) . The distance between analysis points was about 10 µm and the misfit between the detected and the simulated Kikuchi bands had a mean angular deviation (MAD) of less than 0.8°. Indexed EBSD data were re-plotted using a MATLAB script, MTEX, in order to reclassify the data according to structural position and mineralogy (see Hielscher and Schaeben, 2008) . In the MTEX script, the orientation distribution function (ODF) used for contouring is de la Vallee Poussin and a logarithmic scale is used for the contouring.
Data Repository Item DR6
Description of XRD analysis performed on gouge layers
For five experiments performed at co-seismic slip velocities of 1 m s -1 and 3.4 m s -1 we performed powder X-ray diffraction (XRPD) analysis to determine the mineralogy of the postexperiment gouge layers (Table DR4) . XRPD analysis was also performed on the calcite gouge starting material (derived from crushing and sieving of Carrara marble). For each of the five experiments two separate XRPD analyses were performed: one analysis was performed on bulk gouge collected after the experiments, and a second analysis was performed on gouge collected by scraping material from the polished PSS using a sharp razor blade. We estimate that the second gouge fraction came from a layer <500 µm thick immediately adjacent to the PSS.
XRPD data were obtained by step scanning using an automated diffractometer system (Philips X'Change) with incident-and diffracted-beam soller slit (0.04 rad.). The instrument was equipped with a curved graphite diffracted-beam monochromator and a gas proportional detector.
Divergence and antiscatter slits of 1/2° were used so that the irradiated area could be confined to the sample at angles >10 °2θ. A receiving slit of 0.2 mm was used. A long fine focus Cu X-ray tube was operated at 40 kV and 30 mA. Diffraction pattern was obtained using a step interval of 0.02 °2θ with a counting time of 15 s. The scan was performed over the range 3-70 °2θ. The program High Score Plus (PANalytical) was used for phase identification and Rietveld refinement (Rietveld, 1967) .
Results show that the starting material was composed of >98% calcite, with <2% of dolomite and muscovite ( Figure DR9 ). Dolomite and muscovite are typical minor phases found in Carrara marble. Deformed gouge layers contain up to 3.3% lime (CaO; Table DR4, Figure DR10 ), which together with the production of CO 2 during the experiments suggests that calcite decomposed (Han et al., 2007; Sharp et al., 2003) . Interestingly, only the gouge fractions scraped from the PSS 
Data Repository Item DR8
Calculation of bulk temperatures along the principal slip surfaces
Assuming that, once formed, all slip in the experiments was accommodated along the principal slip surface, we can use the 1D heat diffusion equation of Carslaw and Jaeger (1959) to calculate maximum bulk temperatures along the PSS during sliding (solved numerically as equation A1 in Nielsen et al., 2008) . The equation takes the form:
where T is temperature, t is time, ρ is density , Cp is thermal capacity, K is thermal diffusivity, τ is shear stress. We used the following values for calcite: ρ = 2700 kg/m 3 , Cp = 800 J/kg K, K = 0.0148 cm 2 /s (Hanley et al., 1978; Waples and Waples, 2004) . Shear stress is taken directly from the experimental data. Figure DR14 shows the solution to this equation for two experiments, s272 at 0.1 m s -1 , and s389 at 1 m s -1 (see Fig 1A in manuscript) . Figure DR14 : Temperatures calculated using the 1D heat diffusion equation of Carslaw and Jaeger (1959) , A) Shear stress and calculated temperature evolution during experiment s272 (see Fig 1A in manuscript) , B) Shear stress and calculated temperature evolution during experiment s389 (see Fig 1A in manuscript) .
